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14.  ABSTRACT 

The  goal  of  this  research  was  to  develop  an  embedded  magnetic  memory  technology  to  be 
integrated  into  a  Complementary  Metal  Oxide  Semiconductor  (CMOS)  fabrication  process  to 
provide  radiation-hard,  nonvolatile  data  storage.  The  benefits  to  spacecraft  systems  include 
the  ability  to  power-down  a  subsystem  while  retaining  system  state,  thus  saving  energy  until 
the  subsystem  is  required.  This  effort  produced  functioning  magnetic  tunneling  junction  MTJ) 
memory  cells,  but  they  did  not  achieve  the  desired  resistance  ratio.  Two  circuit  designs  were 
developed  based  on  magnetic  memory  elements:  a  magnetic  latch,  and  a  magnetic  shadow  memory 
to  serve  as  a  backup  to  volatile  electronic  memory.  Integrated  Passive  Electronic  Components. 
The  thrust  of  this  effort  is  to  develop  new  families  of  on-chip  passive  components, 
particularly  inductors  and  programmable  resistors.  These  supplement  the  transistors  for  which 
CMOS  processing  technologies  are  highly  optimized.  This  work  resulted  in  thin-film  planar 
inductors  that  exhibit  50%  greater  inductance  per  unit  area,  and  a  150%  increase  in  Q,  by 
using  ferrite  cladding  contain  and  shape  electromagnetic  fields. 
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Executive  Summary 


Magnetic  Random  Access  Memory.  The  goal  of  this  research  was  to  develop  an  embedded 
magnetic  memory  technology  to  be  integrated  into  a  Complementary  Metal  Oxide 
Semiconductor  (CMOS)  integrated  circuit  fabrication  process  to  provide  radiation-hard,  logic 
elements  and  small  random-access  memories.  The  goal  is  not  to  provide  large-scale,  bulk 
memory,  but  latches  and  flip  flops  that  serve  as  state  and  data  registers  for  sequential  logic, 
and  configuration  registers  for  configurable  logic.  The  benefits  to  spacecraft  systems  include 
the  ability  to  power-down  a  subsystem  while  retaining  system  state,  thus  saving  energy  until 
the  subsystem  is  required.  The  subsystem  can  then  be  powered-up  and  begin  operating  in 
milliseconds.  The  technology  is  based  on  a  unique,  PacMan-shaped  magnetic  tunneling  junction 
(MTJ)  cell  developed  at  the  University  of  Idaho.  The  focus  of  this  research  is  to  refine  the 
PacMan  cell  to  make  it  practical  for  integration  into  CMOS  circuits,  to  develop  CMOS  circuits 
that  employ  the  magnetic  cells,  and  to  integrate  the  cells  onto  a  CMOS  process.  The  produce 
produced  two  circuit  designs  based  on  magnetic  memory  elements:  a  magnetic  latch,  and  a 
magnetic  shadow  memory  to  serve  as  a  backup  to  volatile  electronic  memory. 

Integrated  Passive  Electronic  Components.  The  second  thrust  of  this  research  is  to  develop 
new  families  of  on-chip  passive  components,  particularly  inductors  and  programmable 
resistors.  Today's  CMOS  processing  technologies  are  highly  optimized  for  making  small,  high- 
performance  active  components:  transistors.  Options  for  on-chip  passive  components, 
including  resistors,  capacitors,  inductors  and  transformers,  are  limited.  In  particular, 
component  values  and  quality  (Q  factor,  or  energy  efficiency)  of  integrated  passive  components 
is  very  limited.  Digital  circuits  are  designed  to  work  well  without  integrated  passives,  but  analog 
circuits  require  quality  passive  components  with  a  wide  range  of  values.  This  includes  the 
analog  elements  found  on  a  digital  chip,  as  well  as  devices  designed  for  analog  operation, 
including  radio  frequency  (RF)  and  integrated  mixed-signal  devices  such  as  analog-to-digital  and 
digital-to-analog  converters.  Power  supply  circuits,  such  as  DC-DC  converters  and  voltage 
regulators  also  depend  on  quality  passives.  The  ability  to  set  passive  component  values 
electronically  -  to  program  them  -  would  make  possible  a  new  kind  of  programmable  analog 
circuits. 
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1.0  INTRODUCTION 


This  contract  covers  two  technical  areas:  Magnetic  Random  Access  Memory  for  Embedded 
Computing,  and  Integrated  Passive  Electronic  Components.  The  original  contract,  FA9453-06-1- 
0355,  from  1  Sep  06  to  11-30-07,  covered  third  and  last  year  of  a  three-year  magnetic  memory 
research  effort.  The  contract  was  amended  to  add  Integrated  Passive  Components.  A  no-cost 
extension  was  granted  to  extend  the  period  of  performance  to  30  Nov  09. 

The  first  task  of  this  work  was  to  develop  an  integrated  magnetic  memory  technology,  to 
provide  low-power,  nonvolatile,  radiation-hard  memory  on  a  complementary  metal  oxide 
semiconductor  (CMOS)  process.  This  provides  the  means  to  create  nonvolatile  latches,  flip 
flops,  small  amounts  of  random  access  memory,  data  registers,  and  nonvolatile  lookup  tables. 
The  second  task  is  to  develop  high  quality  passive  components,  particularly  magnetic 
components  (inductors),  with  a  smaller  effort  aimed  at  programmable  resistors.  The  inductor 
research  is  aimed  at  on-chip  voltage  conversion  and  regulation  to  provide  reliable  power  for 
digital  circuits  on  the  same  chip. 

1.1  Magnetic  Random  Access  Memory 

1.1.1  MRAM  Innovation 

This  research  is  based  on  these  innovative  elements:  (1)  the  University  of  Idaho's  unique 
magnetic  element  shape,  which  promises  improved  repeatability  and  reduced  power 
consumption  for  memory  writes;  (2)  Optimized  thin-film  fabrication  process;  (3)  circuit  designs 
to  enable  MRAM  cells  to  be  integrated  into  a  CMOS  process  along  with  digital  electronics,  thus 
serving  as  distributed  memory  elements  for  latches  and  state  and  data  registers. 

1.1.2  MRAM  Benefits 

Radiation-hard,  nonvolatile  memory  used  in  strategic  parts  of  electronic  systems  offer 
increased  responsiveness  and  reduced  power  consumption.  A  processor  that  uses  nonvolatile 
memory  for  primary  off-chip  storage  does  not  need  to  be  "booted"  after  it  is  powered  down;  it 
can  be  powered  back  up  in  an  "instant  on"  state,  saving  startup  time  and  power.  Nonvolatile 
Magnetic  Tunneling  Junction  (MTJ)  memory  can  provide  this  "instant  on"  capability.  The 
magnetic  storage  cells  themselves  consume  no  power  when  not  being  accessed,  and  are 
inherently  radiation  hard.  MTJ  has  the  potential  to  serve  as  a  key  enabling  technology  for  low- 
power  processing  and  intelligent  power  management  aboard  power-critical  systems,  such  as 
spacecraft.  This  will  increase  the  quantity  and  quality  of  on-board  data  processing  for  a  fixed 
power  budget,  enabling  operational  spacecraft  to  gather  more  and  higher-quality  data. 
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1.1.3  MRAM  Approach 

The  major  elements  of  the  project  are: 

1.  Develop  and  optimize  a  functional  magnetic  storage  (MTJ)  cell 

a.  Develop  an  optimized  "free"  layer,  whose  magnetic  orientation  can  be  easily 
switched  by  a  magnetic  field. 

b.  Develop  a  complete  MTJ  cell,  incorporating  the  optimized  free  layer,  whose 
resistance  can  be  established  by  switching  the  magnetic  polarity  of  the  free 
layer. 

2.  Develop  and  model  data  storage  circuits  based  on  the  MTJ  cells. 

3.  Integrated  the  MTJ  cells  into  a  CMOS  process. 

The  CMOS  process  chosen  is  the  FlexFET™  Silicon-on-lnsulator  (SOI)  developed  by  American 
Semiconductor,  Inc.,  of  Boise,  ID,  under  the  auspices  of  the  Air  Force  Research  Laboratory. 

1.2  Integrated  Passive  Components 

1.2.1  Integrated  Passives  Innovation 

The  primary  innovations  are  (1)  an  improved  design  for  planar  inductors,  using  ferrite  cladding 
to  shape  electromagnetic  fields  and  minimize  parasitic  losses;  (2)  a  method  for  low- 
temperature  fabrication  of  ferrites  with  controlled  electrical  properties  by  means  of 
accelerating  beams  of  nanoparticles;  (3)  novel  programmable  resistors;  (4)  power  circuits 
developed  on  the  American  Semiconductor  FlexFET  process  to  enable  on-chip  voltage 
regulation. 

1.2.2  Integrated  Passives  Benefits 

(1)  The  benefits  of  the  novel  inductor  design  are  improved  energy  efficiency  (quality  factor  or 
Q)  and  increased  inductance  values  (L)  for  a  given  area.  (2)  The  benefit  of  the  low-temperature 
fabrication  method  is  to  enable  high-quality  inductors  to  be  fabricated  on  the  "back  end"  of  a 
CMOS  process  without  disrupting  the  characteristics  of  devices  already  fabricated  on  the  die, 
particularly  transistors.  (3)  The  benefit  of  the  programmable  resistors  is  the  ability  to  tailor  or 
configure  analog  circuit  behavior  remotely,  after  the  devices  in  fabricated,  packaged  and  in  the 
field.  (4)  The  benefit  of  the  power  circuits  is  to  enable  power  conditioning  to  be  fabricated  on 
the  same  die  as  the  digital  loads  they  power.  This  puts  the  power  regulation  on  the  "load  side" 
of  parasitic  inductances  that  disrupt  the  power  system,  such  as  printed  circuit  board  traces  and 
package  pins  and  bond  wires.  This  will  be  an  enabling  technology  for  low-voltage,  ultra-low- 
power  electronics. 
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1.2.3  Integrated  Passives  Approach 

The  primary  integrated  passive  component  effort  is  to  develop  thin-film  spiral  inductors  that 
are  significantly  more  energy-efficient  (higher  Q)  and  capable  of  higher  inductance  per  unit  area 
than  conventional  methods  by  adding  ferrite  cladding.  These  inductors  should  be  integrated 
onto  digital  chips  at  the  back  end  of  the  CMOS  fabrication  process.  This  requires  low- 
temperature  processing,  which  is  another  effort  under  this  contract.  Finally,  some  novel, 
electrically-programmable  resistors  were  developed. 

The  approach  to  efficient  inductors  is  ferrite  cladding.  The  ideal  geometry  for  inductors  is  a 
helix,  wound  on  a  magnetic  core.  This  is  very  difficult  to  achieve  in  integrated  circuit  processes, 
which  are  planar;  the  usual  way  to  form  inductors  on  CMOS  chips  is  to  deposit  a  planar  spiral 
using  aluminum  normally  used  for  interconnects.  The  resulting  inductors  are  relatively  easy  to 
fit  into  the  back-end  fabrication  process,  but  are  limited  in  inductance  value  and  in  quality  (Q), 
largely  due  to  the  inability  to  control  the  shape  of  the  magnetic  fields.  The  result  is  energy  lost 
to  the  substrate  (hysteresis  losses),  and  opposing  magnetic  fringes,  both  of  which  decrease 
quality. 

The  solution  is  ferrite  cladding,  which  shapes  the  electromagnetic  fields  to  concentrate  them 
where  we  want  them,  and  to  minimize  losses  to  the  substrate  through  fringing,  and  self¬ 
cancelling  through  opposing  fields.  The  strategy  is  shown  below  for  an  inductor  designed  to 
operate  at  10  MHz,  a  reasonable  value  for  switching  power  converters.  The  ferrite  cladding 
works  optimally  when  applied  to  the  top,  bottom,  and  both  sides  of  the  coil. 
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Figure  1:  Ferrite-clad  inductor. 
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2.0  MTJ  CELL  DEVELOPMENT 


2.1  Optimized  PacMan  "soft"  magnetic  element 

The  first  challenge  was  to  optimize  the  shape  and  material 
composition  of  the  "free"  magnetic  layer  to  enable  fast,  reliable 
switching  with  a  small  amount  of  energy.  The  unique  properties 
of  the  PacMan  shape  enable  it  to  be  programmed  (i.e.,  forced 
into  a  particular  magnetic  polar  orientation)  repeatedly.  Altering 
the  details  of  the  shape  changes  its  switching  properties,  as  does 
altering  the  material  composition  and  size. 

The  team  experimented  with  a  variety  of  element  compositions 
and  shapes  to  achieve  a  set  that  had  the  desired  properties.  The 
primary  parameter  adjusted  was  the  angle  of  the  PacMan  "mouth 
turned  out  to  be  defined  by  an  arc  on  one  side  and  a  straight  line  on  the  other,  as  shown  in 
Figure  2. 

2.2  Complete  MTJ  Cells 

Arrays  of  PacMan  cells  of  different  sizes  and  material  compositions  were  designed  and 
fabricated.  Figures  3  and  4  show  representative  examples.  The  cells  were  fabricated  between 
two  orthogonal  copper  electrodes  so  their  electrical  properties  could  be  read  in  a  probe  station. 
The  cells  were  programmed  with  bulk  magnetic  fields  (not  electrically  programmed)  and  their 
properties  measured.  The  resulting  cells  had  tunneling  magnetic  resistance  ratios  (TMR)  ranging 
from  15%  to  35%,  and  a  nominal  resistance  of  10  to  15  Kilohms. 

The  cells  had  write  currents  ranging  from  10  to  25  mA  in  short  pulses,  and  switching  times  on 
the  order  of  one  to  two  nanoseconds.  The  write  currents  are  higher  than  we  would  like,  and  we 
are  working  on  ways  to  reduce  them. 


Figure  3:  MTJ  cell  fabricated 
between  orthogonal  electrodes. 


Figure  4:  Test  array  of  MTJ  cells. 


Figure  2:  Final  PacMan  soft 
magnetic  element. 


opening.  The  optimal  shape 
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2.3  Storage  Circuits  Employing  Magnetic  Memory  Cells 


VDD 


Two  kinds  of  circuits  were  designed  and  simulated. 

•  A  differential  magnetic  flip  flop 

•  A  magnetic  shadow  flip  flop 

A  circuit  diagram  of  the  differential  magnetic  flip  flop 
is  shown  in  Figure  5.  MTJs  are  placed  between  the  P 
and  N  halves  of  a  4-transistor  latch  The  MTJs  are 
programmed  to  opposite  states  In  case  of  a  single 
event  upset,  the  flip  flop  will  restore  the  original  state 
as  follows:  One  of  the  signals,  L  or  R  will  fall  faster  than 
the  other,  due  to  the  difference  in  MTJ  resistance. 

Positive  feedback  will  force  the  appropriate  output,  Q 
or  QN,  to  be  low.  The  MTJs  provide  resistor  isolation 
for  SEU  immunity 


Figure  5:  Differential  magnetic  flip  flop. 

The  magnetic  flip  flop  takes  advantage  of  the  back  gate  of  the  FlexFET  process.  The  circuit  is 
shown  in  Figure  6.  The  MTJs  are  programmed  to  opposite  states.  During  a  restore  operation, 
the  back  gates  discharge  at  different  rates,  causing  different  voltages  in  Q1  and  Q2.  The  MTJs 
operate  in  common  mode. 

This  scheme  is  easily  applied  to  a  Single-Event  Upset  (SEU)  immune  cell  such  as  the  widely 
available  DICE  cell. 


Figure  6:  Magnetic  shadow  RAM  flip  flop. 
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2.3.1  One-wire  Writing  Scheme 


Both  of  these  circuits  use  one-wire  writing.  In  this  scheme, 
we  abandon  the  X-Y  addressing  commonly  employed  in 
MRAMs.  For  the  flip  flop,  we  want  the  two  MTJ  cells  to  be 
programmed  with  opposite  magnetic  polarities.  We  achieve 
this  by  arranging  the  cells  as  shown  in  Figure  7.  The  write 
line  is  folded  so  the  MTJ  cells  will  experience  magnetic  fields 
of  opposite  senses  from  the  same  current. 


Figure  7:  Orientation  of  MTJ 

Figure  8(a)  shows  the  magnetic  fields  (in  green)  from  the  cells  for  °PP°site  polity, 
electrical  configuration  shown,  where  current  moves  down 

the  vertical  metal  run.  In  Figure  8(b),  the  writing  current  is  reversed,  and  so  are  the  magnetic 
fields  generated  by  the  currents.  The  switching  scheme  in  Figure  8(c)  can  be  implemented  using 
drive  transistors.  In  cases  where  banks  of  MTJ  cells  are  to  be  written,  as  in  data  registers,  the 
flip  flops  can  be  programmed  in  series,  thus  sharing  a  write  current  and  minimizing  the  power 
required. 


Figure  8:  One-wire  writing  configurations. 


The  relatively  small  TMR  of  the  MTJ  cells  and  inevitable  process  variations  suggested  a 
differential  circuit  structure.  We  designed  and  simulated  several  versions,  in  the  form  of 
magnetic  flop  flops  and  shadow  RAMs  An  interesting  observation  is  that  pairs  of  magnetic 
elements  positioned  in  certain  arrangements  can  share  magnetic  fields  either  constructively  or 
destructively,  which  might  be  exploited  to  reduce  write  current  [18]. 

2.3.2  Single-wire  Programming  in  Process  Integration 

The  usual  MRAM  architecture  uses  two-wire  programming.  It  employs  an  X-Y  array  of  MTJ  cells, 
with  a  parallel  set  of  metal  conductors  above  the  cells  (e.g.  bit  lines)  and  an  orthogonal  set  of 
conductors  beneath  (word  lines),  as  shown  in  Figure  9.  The  MTJ  cells  are  arranged  with  their 
magnetic  axes  at  a  forty-five-degree  angle  to  both  lines.  A  cell  is  selectively  written  by  driving 
its  word  and  bit  lines  with  a  current  that  generates  the  electromagnetic  fields  whose  vector 
sum  causes  the  magnetic  polarization  of  the  selected  cell  to  switch. 
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It  is  important  that  no  other  cell  in  the  matrix  is  induced  to  switch  -  that  is,  the  cells  must  be 
highly  selective. 


Figure  9:  X-Y  MTJ  cell  arrangement. 

The  two-wire  programming  scheme  presents  a  challenge  for  back-end  CMOS  processing.  It  is 
desirable  to  use  existing  metal  layers  to  program  the  cells.  However,  at  reasonable  currents,  on 
the  order  of  20  mA,  the  required  distance  between  the  conductors  and  the  cells  is  small,  on  the 
order  of  ten  microns.  The  MTJ  cell  is  about  40  nm  tall.  The  space  between  metal  layers  in  the 
0.25  micron  CMOS  process  is  about  100  microns.  The  cells  cannot  be  placed  between  metal 
layers  such  that  they  are  close  enough  to  both  metal  lines  to  generate  a  strong  enough 
electromagnetic  field  at  reasonable  currents. 


Two  possible  solutions  are  to  develop  a  back-end  metal  process  that  meets  the  space 
requirements,  or  to  abandon  the  X-Y  two-wire  scheme,  and  use  single-wire  programming.  This 
project  pursued  the  latter  option. 


2.3.3  Single-Wire  Simulations 

Figure  10  shows  the  arrangement  for  single-wire  programming. 
For  optimal  programming,  the  MTJ  cell  must  be  placed  at  the 
proper  angle  with  respect  to  the  magnetic  field,  and  hence  to  the 
programming,  which  is  orthogonal  to  the  field.  The  optimal  angle 
is  generally  accepted  to  be  about  45  degrees.  To  investigate  ideal 
placement  and  assess  feasibility,  we  modeled  an  MTJ  cell  at 
different  angles  with  respect  to  the  current. 


programming 

current 


The  Pac  Man  I  (PM  I)  shape  was  chosen,  in  which  the  notch  is 
opened  to  180  degrees,  or  a  straight  line.  The  experimental 
parameters  are: 


Figure  10:  Single-wire  MTJ  cell 
arrangement. 
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Proposed  Scenario 
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Figure  11:  Proposed  MTJ  cell  structure  for  single-wire  programming  (not  to  scale). 


A  workable  scenario  is  to  1  pm  x  036pm  Pac  Man  1 180-degree  cell  with  the  cross-section 
shown,  at  30  degrees  orientation,  sandwiched  between  an  aluminum  conductor  and  a  copper 
write  line.  With  this  arrangement,  a  current  pulse  of  11.8  mA,  lasting  about  2.5  ns,  creates  a 
magnetic  field  strength  of  90  Oersteds,  sufficient  to  completely  switch  the  cell.  For  logic 
purposes,  the  switching  is  virtually  complete  after  1.2  ns. 

2.3.4  Integration  into  CMOS  circuits 

American  Semiconductor,  Inc.,  of  Boise  was  selected  as  a  CMOS  integrated  circuit  partner.  Their 
radiation-hard  FlexFET™  Silicon-on-lnsulator  CMOS  process  was  developed  under  the  guidance 
of  AFRL/RVSE  for  aerospace  applications.  Unlike  large  1C  production  companies,  American  Semi 
specializes  in  custom,  developmental  work  of  this  sort,  and  proved  to  be  very  willing  to  work 
with  us. 

The  FlexFET™  process  has  the  following  advantages: 

•  High-performance  "Silicon  on  Insulator"  technology 

•  Ability  to  adjust  operating  voltage,  which  is  exploited  in  another  University  of  Idaho 
program  for  ultra-low-power  microelectronics.  This  is  the  technology  that  can  benefit 
most  from  our  integrated  passive  components. 

•  Radiation  hard  for  space  applications. 

•  Fabricated  at  an  on-shore  U.S.  facility  (Cypresss  Semiconductor  in  California) 

The  first  step  was  to  determine  whether  MTJ  cells  can  actually  be  fabricated  on  on  American 
Semiconductor's  metal. 

To  determine  this,  a  test  array  was  designed  and  fabricated  in  a  "short  loop"  cycle  on  the 
American  Semiconductor  process.  The  short  loop  cycle  produces  test  wafers,  but  does  not  go 
through  the  entire  integrated  circuit  fabrication  process.  In  this  case,  the  short  loop  tests  only 
go  through  the  field  oxide  and  metal  deposition  steps.  Figure  12  below  shows  the  test 
structure.  It  consists  of  horizontal  and  vertical  traces.  The  horizontal  traces  represent  the  lower 
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metal  level,  and  the  vertical  traces  the  upper  level.  The  vertical  traces  are  not  complete:  they 
leave  a  gap  where  the  MTJ  cell  array  is  to  be  fabricated. 

After  the  metal  structures  are  fabricated,  the  wafers  are  removed  from  the  fabrication  line  and 
diced.  In  the  lab,  the  MTJ  cells  are  deposited,  and  the  upper  metal  traces  completed. 


Figure  12:  Test  structure  for  process  integration. 

Figure  13  shows  the  process  used  to  fabricate  the  test  cells  onto  the  FlexFET  metal.  Figure  14  is 
a  photograph  of  the  metal  test  structures.  Figure  15  is  an  Atomic  Force  Microscope  image  of 
the  MTJ  cells  fabricated  on  the  metal  test  structures.  The  grain  boundaries  of  the  underlying 
aluminum  are  clearly  visible. 


Fabrication  of  EPM  shape  MTJ  on  AST’s  Metal  Pad 


Figure  13:  Process  for  fabricating  MTJ  cells  on  short-loop  structures. 
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Figure  14:  Test  structures  fabricated  on  American  Semiconductor  metal. 


Figure  15:  Plot  of  surface  roughness  of  FlexFET  6K  metal. 
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2.3.5  Results  of  Integration  Study 

MTJ  cells  were  successfully  fabricated  on  the  FlexFET  metal,  but  the  performance  of  these  cells 
was  disappointing.  The  first  issue  to  address  is  the  surface  roughness  of  the  FlexFET  metal, 
which  seems  to  affect  MTJ  cell  performance.  The  MTJ  cells  are  only  about  40  nm  high, 
comparable  to  the  roughness  of  the  metal.  The  MTJ  cells  tend  to  follow  the  contour  of  the 
metal,  and  the  resulting  shape  destroys  their  desired  electrical  properties. 

The  team  considered  the  following  choices  to  mitigate  the  roughness  problem: 

1.  Select  a  different  metal  layer.  The  top  metal  (20K)  is  smoother  than  the  others,  so  we 
should  work  with  it  first. 

2.  Polish  the  surface  with  Chemical-Mechanical  Polishing  (CMP) 

3.  "Decorate"  the  grain  boundaries  and  etch  back.  For  example,  we  have  used  spin-on 
glass  (SOG),  followed  by  ion  beam  etching. 

4.  Optimization  of  the  Al  deposition  temperature. 

5.  Select  a  different  material  on  which  to  fabricate  MTJ  cells. 

Option  2  has  showed  little  success.  Option  3  has  reduced  the  RMS  roughness  from  4.65  to  3.16 
nm,  and  cut  the  peak  in  half  from  28.88  to  15.23  nm.  Option  4  and  5  require  a  new  fabrication 
runs.  The  team  decided  to  pursue  option  5,  fabricating  MTJ  cells  onto  a  tungsten  surface,  which 
is  much  smoother  than  aluminum.  This  was  carried  out  under  a  separate  contract,  and  the 
results  will  be  reported  accordingly.  The  results  were  encouraging. 

3.0  INTEGRATED  PASSIVES  DEVELOPMENT 

The  integrated  passives  element  consists  of  (1)  area-  and  power-efficient,  ferrite-clad  spiral 
inductors;  (2)  low-temperature  ferrite  processing;  (3)  power  and  digital  load  circuits;  (4) 
programmable  resistors. 

3.1  Ferrite-clad  Inductors 

Real  inductors  (and  capacitors)  must  be  designed  to  operate  in  a  particular  frequency  range,  as 
parasitic  characteristics  cause  different  behaviors  at  different  frequencies.  For  this  study,  we 
assumed  the  inductors  would  be  used  for  on-chip  power  conversion  and  regulation  using  a 
switching  topology,  switching  at  5  MHz.  The  specifications  chosen  for  the  inductor  were: 

•  5  MHz  operating  frequency 

•  125  nanohenry  inductance 

•  Q  >  50 

•  Input  voltage:  5V 

•  Output  voltage:  1,  0.5  and  0.25  V  at  1  watt 

•  Current  capacity:  Up  to  1A 

•  Substrate:  Si  wafer 
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Three  different  configurations  were  explored  initially: 


1.  Ferrite  cladding  on  bottom  surface  only 

2.  Ferrite  on  top  and  bottom 

3.  Ferrite  on  top,  bottom  and  sides 


Not  surprisingly,  the  more  complete  the  ferrite  cladding,  the  higher  the  achievable  inductance, 
as  shown  in  the  plots  in  Figures  16  and  17. 


Magnetic  closed  circuit  inductor 


Magnetic  film  COj| 


LIA-  Single  Side  (UA-SS)  UA-Double  Side  (US-DS)  UA-Closed  (UA~C) 


Proposed  Integrated  Inductor 


[coiil 

Ferrite  { 

>  SO  uni  > 

Si  wafer 

Ferrite  {>  SO  jim) 


SiO., 


Spinel  ferrite  for  <  100  MHz 
Z-typc  hexaferrite  for  >  E00  MHz 


Figure  16:  Three  inductor  cladding  options. 
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Inductance  versus  Frequency 


Figure  17:  Inductance  versus  frequency  for  three  inductor  cladding  options  and  air-core  inductor. 
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The  effects  of  the  ferrite  cladding  are  evident  when  we  look  at  the  electric  E-field  and  H-field 
distributions,  as  shown  in  Figures  18  and  19  below.  The  idea  is  to  use  ferrite  cladding  to  contain 
the  electromagnetic  fields  where  we  want  them  within  the  coils.  This  minimizes  destructive 
interference  between  coils,  increasing  L,  and  minimizes  losses  from  field  fringes  transferring 
energy  to  the  substrate,  thus  increasing  Q. 

In  these  two  figures,  the  fringe  field  strengths  are  enhanced  by  the  ferrite  cladding.  Fringe  fields 
are  evident  in  the  single  sided  cladding,  reduced  in  double-sided  cladding,  and  significantly 
reduced  in  the  enclosed  cladding. 


Magiifific  Mar  ends  and  Device  Laboratory _ ^ _ 1 1  Eli  UNIVERSITY  Ql  ALABAMA 


Simulation  of  E  field  distribution  at  10  MHz 
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Figure  18:  E-Field  Distribution  at  10  MHz.  UA-SS  is  single-sided  cladding  (bottom  only);  UA-DS  is  double¬ 
sided  cladding  (top  and  bottom),  and  UA-C  is  enclosed  cladding. 
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Simulation  of  H  field  distribution  at  10  MHz 
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Figure  19:  H-Field  distribution  at  10  MHz.  UA-SS  is  single-sided  cladding  (bottom  only);  UA-DS  is  double¬ 
sided  cladding  (top  and  bottom),  and  UA-C  is  enclosed  cladding. 


Inductors  were  designed  and  optimized  for  5  MHz  using  Computer-Aided  Design  (CAD) 
software.  Air-core  and  ferrite  inductors  were  fabricated  and  measured.  Details  are  in  the 
appendix.  Relative  performance  is  shown  in  Figure  20  below.  Three-micron  ferrite  increased  the 
Q  by  over  150%. 
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Inductances  and  Q-factors  of  Air-core  and  Ferrite  Inductors 
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r  Feirite  inductor  shows  22.5%  increase  in  inductance  and  113  and  154%  increase  in  Q-factar  with  I  and  3  pm 
ferrite,  respectively. 


Figure  20:  Comparison  of  air-core  and  ferrite  inductors  vs  frequency. 
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3.2  Low-temperature  Ferrites 


The  plan  for  this  project  is  to  fabricate  ferrite-clad  inductors  at  the  back-end-of-line  (BEOL) 
CMOS  process,  after  the  active  components  have  been  created.  Back-end  processing  is  subject 
to  temperature  constraints,  as  temperatures  greater  than  about  600C  cause  metals  to  melt  and 
implants  and  diffusions  to  migrate.  Ferrites  are  typically  fabricated  at  900  C,  making  them 
unsuitable  for  BEOL  processing.  Therefore,  and  alternative,  low-temperature  ferrite  process 
was  sought. 


The  solution  was  accelerate  iron  nanoparticles  to  a  target,  where  they  built  up  like  snowballs 
thrown  against  a  wall.  The  particles  are  accelerated  through  an  electric  field  ranging  from  0  to 
40  kV.  The  accelerating  voltage  affects  the  roughness  of  the  film,  as  well  as  the  magnetization 
properties.  Figure  21  is  a  schematic  of  the  process.  Figure  22  depicts  the  landing  of  the  iron 
nanoparticles  on  the  target.  Figures  23  and  24  show  the  low-voltage  and  high-voltage  film 
roughness  characteristics,  respectively.  Figures  25  and  26  show  the  angular  magnetic  profile  for 
the  two  cases. 
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Cluster 


Figure  22:  Graphic  illustrating  iron  nanoparticle  landing. 
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Figure  24:  High-voltage,  smooth  film  profile. 
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Figure  25:  Magnetic  field  intensities  for  0  kV  film. 


Figure  26:  Magnetic  field  intensities  for  15-kV  film. 


In  addition  to  film  roughness  and  magnetic  moments,  we  can  control  the  resistivity  of  the 
particles  by  accelerating  them  through  an  oxygen  gas.  This  causes  an  oxide  shell  to  form.  By 
controlling  the  density  of  the  gas  and  the  acceleration  velocity,  we  can  control  the  thickness  of 
the  shell,  and  hence  the  resistivity  of  the  film.  Figure  27  shows  a  particle  with  an  iron  core  and 
oxide  shell. 
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Figure  27:  Iron  nanoparticle  with  oxide  coating. 


3.3  Power  Circuits  and  Digital  Load 

The  target  CMOS  process  for  this  work  is  the  American  Semiconductor  FlexFETTM,  a  silicon-on- 
insulator  process  developed  under  AFRL  auspices  for  space  applications.  Available  at  0.25  and 
0.18  micron  process  nodes,  the  process  is  unique  in  that  it  is  provided  with  a  "back  gate", 
making  it  possible  to  adjust  the  substrate  bias  voltage,  and  therefore  the  switching  threshold. 
This  makes  the  process  ideal  for  ultra-low-power  operation  by  reducing  the  supply  voltage  to  Vi 
to  %  volt.  Dynamic  power  consumption  decreases  as  the  square  of  the  supply  voltage,  but 
leakage  increases  as  the  switching  threshold  is  reduced.  The  ideal  operating  point  for  power 
savings  is  where  dynamic  and  static  power  consumption  are  about  equal. 

Low-voltage  operation  has  the  potential  to  save  power,  but  it  also  creates  the  problem  this 
research  addresses:  delivery  of  stable,  well-regulated  power  to  the  gates  on  the  chip.  The 
conventional  approach  to  providing  DC  power  is  to  place  voltage  regulators  on  a  circuit  board 
and  route  the  power  and  ground  connections  to  the  package  pins  of  the  chips.  The  operating 
chip  draws  bursts  of  current  from  the  power  supply,  causing  inductive  voltage  drops  in  PCB 
traces,  package  pins  and  bond  wires.  Careful  PCB  power  routing  and  coupling  capacitors  placed 
at  the  pins  of  the  chips  help  compensate  for  inductive  losses,  but  at  very  low  voltage,  this  may 
not  be  adequate  to  provide  stable  power  at  the  gates. 

An  alternative  is  point-of-load  voltage  regulation  on  the  chip  itself,  on  the  load  side  of  PCB 
traces,  package  pins  and  bond  wires.  High-quality  passive  components  are  critical  to  successful 
voltage  regulation,  but  so  are  on-chip  power  circuits.  The  FlexFET™  process  is  optimized  for 
digital  and  radio  frequency  circuits  -  a  development  effort  was  required  to  determine  whether, 
and  how,  to  use  the  process  features  to  implement  power  circuits. 

Four  different  test  circuits  were  designed  and  fabricated.  One  is  a  digital  load  -  in  this  case,  a 
design  already  at  hand,  a  processing  element  from  the  Field  Programmable  Processor  Array 
(FPPA). 
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The  other  three  were  power  circuits,  designed  to  these  parameters: 

•  2.5V  source  voltage  to  the  chip  (compatible  with  ASI  process) 

•  VDd  =  IV  for  digital  load 

•  1  Watt  average  digital  load  (1  Amp) 

•  Switching  frequency  =  5-10  MHz 

The  evaluation  criteria  are: 

1.  Circuit  area  and  complexity 

2.  Conversion  efficiency 

3.  Ability  to  handle  required  current  and  voltages 

4.  Ripple  control 

5.  Regulation  stability 

The  test  circuits  are: 

1.  Digital  load.  To  prove  the  concept  of  on-chip  point-of-load  power,  a  digital  load  circuit  was 
created.  This  is  a  design  already  at  hand:  a  processing  element  from  the  Field  Programmable 
Processor  Array. 

2.  A  buck  converter  with  a  transistor  array. 

3.  A  full  bridge  converter  with  a  diode  array. 

4.  A  resonant  converter 


The  full  bridge  converter  has  been  completely  tested.  It  was  not  fully  functional.  This  was  traced  to 
discrepancies  in  the  process  models.  The  process  models  were  updated  as  a  result  of  this.  New  samples 
are  planned  for  fabrication  in  follow-on  work. 

3.4  Programmable  Resistors 

Programmable  resistors  were  developed  and  demonstrated  under  subcontract  to  Boise  State 
University.  The  structure  is  shown  below.  Based  on  ion-conducting  chalcogenide  devices, 
devices  were  fabricated  and  demonstrated  in  bench-top  applications.  The  devices  were 
packaged  in  16-pin  packages,  8  devices  to  a  package.  Example  circuits  are  a  rectifier,  an  electro¬ 
static  protection  device,  and  a  phased-locked  loop. 


Figure  28:  Ion-conducting  chalcogenide  programmable  resistor  structure. 
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4.0  CONCLUSION 


The  project  produced  workable  magnetic  tunneling  junction  (MTJ)  memory  cells,  which  were 
programmed  in  a  bulk  magnetic  field.  In  the  process,  the  researchers  learned  and  published 
many  details  about  the  switching  behavior  of  magnetic  devices,  which  have  an  impact  on  the 
optimal  design  of  these  devices.  A  feasible  set  of  latch  and  shadow  RAM  circuits  was  developed 
and  modeled. 

The  specifications  for  the  MTJ  cells  required  for  successful  implementation  of  the  magnetic 
latches  are: 

•  Nominal  resistance:  10  KQ 

•  Tunneling  Magnetic  Resistance  Ratio  (TMR):  15% 

•  The  preferred  size  and  shape  is  an  elongated  PacMan,  1  pm  in  length 

Integrating  the  MTJ  cells  onto  a  CMOS  process  proved  elusive  because  of  the  difficulties  in 
creating  a  metal  surface  smooth  enough  to  accept  the  cells.  This  is  necessary  in  order  to  carry 
out  the  next  phases  of  the  research,  i.e.,  to  develop  accurate  electronic  circuit  (SPICE)  models, 
to  implement  the  on-wire  writing  scheme,  and  finally,  to  integrate  MTJ  cells  with  CMOS 
electronics.  This  work  is  being  carried  out  in  a  follow-on  project. 

Since  patterned  test  cells  were  not  available,  due  to  the  roughness  problem  described  above,  it 
has  not  been  possible  to  test  the  one-wire  writing  concept.  Simulations  indicate  that  the  write 
current  pulses  will  have  to  be  20  mA  for  about  3  ns.  This  is  much  higher  than  desired.  Some 
approaches  will  be  studied  to  enable  writing  the  cells  with  much  lower  current.  The  most 
promising  is  to  clad  the  cells  with  a  magnetic  material  that  focuses  the  magnetic  field  onto  the 
cell,  where  it  is  needed. 

Ferrite-clad  thin  film  inductors  were  successfully  conceived,  modeled,  designed,  and  tested. 

The  results  were  very  positive:  compared  to  air-core  inductors,  the  ferrite-clad  inductors  exhibit 
a  significantly  higher  quality  factor. 

Power  and  digital  circuits  were  designed  and  fabricated.  Some  failed  to  function  because  of 
discrepancies  in  process  models;  the  process  models  have  consequently  been  updated. 

Programmable  resistors  were  developed,  fabricated,  and  tested  in  several  demonstration 
applications. 
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GLOSSARY 


BEOL  -  Back  End  of  Line  Processing.  The  later  steps  in  integrated  circuit  fabrication,  where 
metal  interconnects  are  deposited. 

CAD  -  Computer-Aided  Design 

CMOS  -  Complementary  Metal-Oxide  Semiconductor. 

CMP  -  Chemical-mechanical  polishing.  A  polishing  method  that  includes  a  corrosive  material 
along  with  abrasives. 

DC  -  Direct  (as  opposed  to  alternating)  current. 

DC-DC  Converter.  A  circuit  to  convert  one  DC  level  to  another,  usually  to  supply  power  at  a 
specified  DC  voltage.  Also  implies  voltage  regulation. 

DICE  Cell  -  Dual  Interlocked  Storage  Cell.  A  memory  cell  designed  with  built-in  redundancy  to 
mitigate  Single  Event  Upset  (SEU)  radiation  effects. 

FlexFET™  -  a  proprietary  SOI  CMOS  process  developed  by  American  Semiconductor,  Inc.,  Boise, 
ID,  for  aerospace  applications. 

MRAM  -  Magnetic  Random-Access  Memory. 

MTJ  -  Magnetic  Tunneling  Junction,  a  form  of  magnetic  memory  structure. 

Q-  Inductor  quality  factor.  Ratio  of  inductive  reactance  to  resistance. 

Pac-Man  shape  -  An  experimental  shape  for  magnetic  tunneling  junction  memory  cells,  so 
called  because  it  resembles  the  character  in  the  popular  video  game  of  that  name. 

PCB  -  Printed  Circuit  Board. 

RF  -  Radio  Frequncy. 

RMS  -  Root-mean-square.  RMS  roughness  is  a  characterization  of  the  texture  of  a  surface,  a 
measure  of  average  deviation  from  the  perfectly  smooth. 

SEE  -  Single  Event  Effects.  Changes  in  state  or  behavior  a  electronic  circuits  caused  by  being 
struck  by  an  energetic  ion,  a  component  of  cosmic  radiation.  SEE  include  Single  Event  Upset, 
Single  Event  Latchup,  and  Single  Event  Transients. 

SEL- Single  Event  Latchup.  Pathological  state  in  CMOS  circuits  caused  by  an  ion  strike. 
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